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Abstract 
In soft actuators, the creep under tensile loads is a serious problem for the positioning. The creep during electrochemical 
cycle (electrochemical creep) in conducting polymers is remarkable compared with the static creep under tensile loads. 
Correlation between the electrochemical creep and the actuating strain in polypyrrole films doped with docecylbenzene 
sulfonic (DBS) anion has been studied in NaCl aqueous electrolyte. It has been found that chemical cross-link in 
polypyrrole with di-pyrrole alkanes suppressed the creep, however, the actuator strain also decreased. The creep in cross-
liked PPy saturated after several cycles, keeping the strain of actuation constant. The result indicates the creep can be 
minimized by idling before use. Scan rate dependences of the electrochemical creep and actuation were also examined to 
find the ways to depress the creep.  
© 2010 Published by Elsevier B.V. 
Keywords: conducting polymer, soft actuator, electrochemical strain, creep, cross link 
1. Introduction 
Electrochemical soft actuators based on conducting polymers have been extensively studied because of its 
unique features viz. relatively large strain and stress, flexibility, light-weight, low voltage and silent operations. 
[1] Contrary to the above acceptable features, the electrochemical actuators possess many issues such as 
response time, [2, 3] cycle life and positioning.[4] Many researchers have devoted various approaches to 
overcome these issues. The response time has been improved by preparation of porous films.[2] The cycle life 
was elongated by the operation of moderate potential spans.[3] The positioning is to control the strain constant, 
and is important for actuators working under loads. In soft actuators the softness and flexibility are inherent, 
therefore, the materials easily creep under high stresses. For the precise positioning the creep is the serious 
problem in the practical use and has to be minimized.  
Electrochemical oxidation and reduction of conducting polymers induce electrochemomechanical 
deformation (ECMD) due to insertion and ejection of counter ions. The ECMD under tensile loads is 
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
144  Kazuo Tominaga et al. / Physics Procedia 14 (2011) 143–146
superimposed with the creep (plasticity) and the strain due to movement of ions. The creep in ECMD is named 
as electrochemical creep (EC-creep) in this article. Conducting polymer actuators have been suffered from the 
large EC-creep[5,6] under high tensile loads more than several MPa. The EC-creep results from slipping and/or 
breaking of polymer chains, where the dynamical flow of ions and softening of polymer are taking place.[9] 
There is a few reports mentioning EC creep [7,8,9]. However, no report to reduce the EC-creep in conducting 
polymer actuators has appeared so far. One of the possible approaches to reduce the EC creep as well as 
mechanical creep is to make the polymer rigid by chemical cross-link. 
In this study, we newly synthesized a pyrrole-dimer, di-pyrrolo-alkanes (dipy-Cx, x is the number of carbon 
in alkanes), in which two-pyrrole rings are connected at nitrogen atoms with alkanes. The diPy-Cx worked as 
the cross linker of polypyrrole (PPy), resulting in cross-linked PPy films. The effect of diPy-Cx in PPy films 
on ECMD was investigated. EC-creep characteristics such as scan rate dependences of ECMD were also 
examined. Correlation between EC-creep and ECMD due to ion movement is discussed to elucidate the 
mechanism of EC-creep and to reduce it.   
2. Experimental Procedures  
The diPy-Cx (x = 6 and 12) were synthesized under super base environment (KOH/DMSO), following the 
method of previous literature.[11] The chemical structure and the scheme of reaction are shown by Scheme.I. 
The product was confirmed by 1H-NMR and TOF-mass spectroscopy. Cross-linked PPy was electrodeposited 
galvanostatistically at 0.2 mA/cm2 for 2 hrs in 0.2 M tetra-butyl-ammonium dodecyl-benzene-sulfonate 
(TBADBS)/methyl benzoate solution having different ratios of dipy-Cx and pyrrole monomer. PPy films with 
cross-link and without cross-link are named as PPy.diPy-Cx/(TBA)DBS and PPy/(TBA)DBS, respectively. 
PPy films were also prepared in an aqueous solution of 0.2 M DBS acid and named as PPy/DBS. Thus 
obtained films were approximately 12 Pm in the thickness. FT-IR characterization was carried out for 
polypyrrole having 10 and 50% of dipy-Cx. The FT-IR showed the peaks at 990 cm
-1 and 1110 cm-1, which 
decreased as the function of dipy-C12 incorporation ratio. The broadening and reduction of peaks in cyclic 
voltammogram (CV) clearly supported the cross-linking by dipy-Cx in PPy film.  
The PPy films were cut into rectangular strips with the typical length of 10 mm and with of 2 mm for the 
ECMD measurement. The ECMD responses as a function of cycle were measured by the set-up shown in Fig.1 
under the tensile stress of 1 MPa. The detailed method for the measurements was described elsewhere.[2-6]  
The increment of elongation ('L) due to EC creep and cyclic ECMD (due to ion movement) was given by 
electrochemical strain, 'L/L0 (in %), where L0 is the initial length of films. Electrochemical cycles were carried 
out in 0.5 M NaCl aqueous solution by typical scan rate of 10 mV/s otherwise mentioned. The EC-creep was 
analyzed by taking the rate, namely, creep by a cycle being defined as the EC creep rate.  
                              
Scheme I. Synthetic route and chemical structure of dipy-C12        Fig.1. ECMD measurement set-up 
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3. Results and Discussion 
The electrical conductivities of PPy/DBS, PPy/(TBA)DBS and PPy:diPy-C12(10%)/(TBA)DBS were 
typically 40, 30 and 17 S/cm, respectively. The conductivity, which depends on the morphology of films and 
density of S-conjugation, is usually small when saturated hydrocarbons are incorporated. Figure 2 (a) shows 
the electrochemical strains including cyclic ECMD and EC-creep for various PPy films as indicated in the 
figure. The CVs in various PPy films are shown in Fig.2 (b). As seen in Fig.2 (a), the EC-creep depends on 
preparation methods. The result indicates that PPy/(TBA)DBS and cross-link PPy exhibited better performance 
than that of PPy/DBS with respect to smaller EC-creep. Figure 3 shows the EC-creep rates for various PPy 
films. It is found that EC-creep rates showed maximum at around 10 cycles, then came to constant or level off, 
indicating the saturation of EC-creep by cross-links.  
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Fig.2. Electrochemical strains (a) during cycles and the CV at 10th cycle (b) in various PPy films.            
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Fig.3 Cycle dependence of EC-creep rate in various PPy films. 
      From the results of Fig.2, it is clear that the introduction of cross linker, diPy-Cx, apparently suppressed the 
EC-creep. However, the cyclic ECMD also decreased. From the results of CVs in Fig.2 (b) the decreased 
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cyclic ECMD was resulted from shrunk CV, namely, the reduced electrochemical activity. The reduced 
electrochemical activity in cross-link PPy is considered to be related to the decrease in conductivity. It is 
interesting to note that the EC-creep showed the saturation after 20-30 as seen from Fig.3. The saturation 
occurred at earlier cycles for cross linked PPy. The result indicated that the EC-creeping was stopped by the 
cross link. It may also be supposed the creep is within the deformation of polymer conformation not due to 
breaking of polymer chains. It is expected that the idling cycles at the beginning of actuation may suppress the 
creeping significantly. 
Scan rate dependences of electrochemical strain and the EC-creep rates are shown in Fig.4 (a) and (b) 
respectively. It is interesting to note that the EC-creep did not basically depend on the scan rate for the same 
time operation. However, the cyclic ECMD was larger at slower scan rates. On the other hand, the result of 
Fig.4 (b) indicates the EC-creep rate being larger for slower scan rate. The higher performance of actuation can 
be obtained by the slower rate operation to suppress the EC-creep.   
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Fig.4. Scan rate dependences of electrochemical strain (a) and the EC-creep rate (b) in PPy/DBS film. 
4. Conclusion 
In this study, the correlation between EC-creep and actuation due to ion movement was investigated under 
tensile loads in PPy films with cross-linker and without cross-linker. It was found that the EC creep was 
suppressed in the cross-linked films, however, the strain of actuation was also decreased. The EC-creep in the 
cross-linked PPy saturated after several cycle and the magnitude of actuation was kept constant. The results 
indicated that the idling of actuator before use could suppress the EC-creep.  
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